In this study, we have employed whole-mount, in situ hybridization to study the spatial pattern of hsc70 and hsp70 mRNA accumulation in normal and heat shocked embryos during Xenopus laevis development. Our findings revealed that hsc70 mRNA was constitutively present in a global fashion throughout the embryo and was not heat inducible. Accumulation of hsp70 mRNA, however, was detected only in heat shocked embryos. Furthermore, hsp70 mRNA accumulation was enriched in a tissue-specific manner in X laevis tailbud embryos within 15 minutes of a 33ЊC heat shock. Abundant levels of heat shock-induced hsp70 mRNA were detected in the head region, including the lens placode, the cement gland, and in the somitic region and proctodeum. Preferential heat-induced accumulation of hsp70 mRNA was first detected at a heat shock temperature of 30ЊC. Placement of embryos at 22ЊC after a 1-hour, 33ЊC heat shock resulted in decreased hsp70 mRNA with time, but the message persisted in selected tissues, including the lens placode and somites. Treatment of tailbud embryos with either sodium arsenite or zinc chloride induced a tissuespecific enrichment of hsp70 mRNA in the lens placode and somitic region. These studies reveal the complex nature of the heat shock response in different embryonic tissues and suggest the presence of regulatory mechanisms that lead to a stressor-induced, tissue-specific enrichment of hsp70 mRNA.
INTRODUCTION
The Hsp70 family, which is the most heavily studied group of heat shock proteins, includes the cytosolic stressinducible Hsp70, the constitutively expressed Hsc70, mitochondrial p70, and endoplasmic reticulum resident protein, immunoglobulin-binding protein, or glucose-regulated protein 78 (Morimoto et al 1994; Parsell and Lindquist 1994; Feige et al 1996; Morimoto 1998) . All these Hsc/Hsp70 isoforms have the ability to act as molecular chaperones that protect nascent or denatured proteins from aggregation and assist their folding or refolding into the correct conformation. Numerous studies have shown that synthesis of Hsp70 and other molecular chaperones is enhanced to protect cells against various stress conditions such as elevated temperature and exposure to sodium arsenite or heavy metals, which usually lead to an accumulation of unfolded protein. In cultured cells, the overexpression of Hsp70 greatly enhances survival of the cells when exposed to elevated temperatures or other stresses. The stress-inducible regulation of hsp gene expression occurs primarily at the transcriptional level, but regulation at the level of mRNA stability and translation has been documented (Morimoto et al 1994; Parsell and Lindquist 1994; Morimoto 1998) . Heat shock-induced transcriptional activation of hsp genes is mediated by the interaction of the transcriptional-activating protein, heat shock factor (HSF), with the hsp gene enhancer element, heat shock element, found in the 5Ј upstream region of these genes.
Developmental regulation of heat shock-induced hsp70 gene expression has been observed in a number of fungal, plant, and animal systems (Hightower and Nover 1991; Heikkila 1993a Heikkila , 1993b . For example, hsp70 gene expression is not heat inducible until cycle 12 of Drosophila sp. development (Wang and Lindquist 1998) or the blastula stage of snail and sea urchin embryogenesis (Giudice 1989; Boon-Niermeijer 1991) . Our laboratory and others have examined the developmental regulation of hsp70 gene expression during early embryogenesis of the frog, Xenopus laevis, in which 2 inducible hsp70 genes, 2 constitutive hsc70 genes, and one Bip gene have been described (Bienz 1984a (Bienz , 1984b Ali et al 1996a Ali et al , 1996b Miskovic et al 1997) . X laevis hsp70 genes are not heat shock inducible until after the midblastula transition (MBT), which signals the onset of zygotic genome activation, even though HSF is detectable and heat activatable in cleavage-stage embryos (Bienz 1984a; Heikkila et al 1985 Heikkila et al , 1987 Heikkila et al , 1997 Heikkila 1988, 1989; Ovsenek and Heikkila 1990; Ali et al 1996a) . In contrast, hsc70 mRNA is detectable throughout development and is not heat inducible (Ali et al 1996a) . The acquisition of the ability to express hsp70 genes in response to heat shock as well as the constitutive upregulation of hsc70 mRNA levels in postblastula embryos has been correlated with an increase in thermoresistance (Heikkila et al 1985; Ali et al 1996a) . These previous studies have examined the developmental stages at which hsc70/hsp70 genes were expressed or induced, but little information is available regarding their spatial pattern of expression in X laevis embryos. In this study, we have used whole-mount, in situ hybridization to examine the temporal and spatial distribution of X laevis hsc70 and hsp70 mRNA accumulation in normal and stress-treated embryos.
MATERIALS AND METHODS

Maintenance of X laevis embryos
Xenopus laevis eggs were collected, fertilized, and dejellied as described elsewhere (Heikkila et al 1985) . Embryos were maintained in Steinberg's solution (60 mM NaCl; 0.7 mM KCl; 0.8 mM MgSO 4 ·7H 2 O; 0.3 mM CaNO 3 ·4H 2 O; 1.4 mM Tris base; pH. 7.4) at 22ЊC, and developmental stages were determined according to external criteria described by Nieuwkoop and Faber (1967) . Embryos to be heat treated were sealed with parafilm in petri dishes containing Steinberg's solution. The container was then placed in a water bath at temperatures ranging from 26 to 35ЊC for 1 hour unless otherwise indicated. Control embryos were maintained at 22ЊC. Some embryos were treated with either 50 M sodium arsenite or 100 M zinc chloride for 2 hours at 22ЊC in Steinberg's solution. Embryos collected for RNA isolation were frozen and stored at Ϫ80ЊC. Embryos collected for whole-mount, in situ hybridization were fixed for 2 hours in MEMFA (0.1 M 3-morpholino propane sulfonic acid; 2 mM ethylenediaminetetraacetic acid; 1 mM MgSO 4 ; 4% paraformaldehyde; pH, 7.4), rinsed twice in methanol, and then stored at Ϫ20ЊC.
Riboprobe preparation
In vitro RNA synthesis generating digoxygenin (DIG)-labeled riboprobes for Northern blot, in situ hybridization, or both was performed according to the manufacturer's protocol (Roche Molecular Biochemicals, Laval, Quebec, Canada). The coding region of hsc70.I cDNA (Ali et al 1996a) was cut with XbaI and XhoI and cloned into the corresponding sites of pSP72 (Promega, Madison, WI, USA). To generate hsc70 sense riboprobes, the hsc70.I/ pSP72 construct was linearized with XhoI and then transcribed with T7 RNA polymerase. Production of hsc70 antisense riboprobe involved linearization of the vector with XbaI and transcription with SP6 RNA polymerase. To synthesize hsp70 riboprobes, the coding region of hsp70 genomic DNA (pXL16P; Bienz 1984b) was isolated with use of FspI and PstI and then cloned into the SmaI and PstI sites of pSP72 (Promega). The sense riboprobe was generated by linearization of pSP72 with XhoI and transcription with T7 RNA polymerase, whereas the antisense riboprobe was generated by linearization with MluNI (BalI) and transcription with SP6 RNA polymerase.
RNA isolation and Northern blot analysis
Total RNA was isolated from X laevis embryos using the method of Chirgwin et al (1979) as modified by Ohan and Heikkila (1995) . The embryos were homogenized in 10 mL of 4 M guanidine isothiocyanate and layered on 3.3 mL of 5.7 M cesium chloride solution. A SW-41 Ti rotor (Beckman, Palo Alto, CA, USA) was used to centrifuge the samples at 30,000 rpm for 23 hours. The RNA pellets were then recovered and precipitated twice in ethanol to remove cesium chloride. Concentration, purity, and integrity of the RNA was established by spectrophotometry and formaldehyde agarose gel electrophoresis. Three micrograms of total RNA was electrophoresed in 1.2% formaldehyde agarose gels (Sambrook et al 1989) , transferred to a positively charged nylon membrane (Roche Molecular Biochemicals) and ultraviolet crosslinked with a GS-Gene linker (Bio-Rad, Mississauga, Ontario, Canada). The RNA blots were then subjected to rapid reversible staining with 0.02% methylene blue before hybridization to check for equal sample loading (Herrin and Schmidt 1988) . After prehybridization of the membrane in DIG-Easy-Hyb buffer (Roche Molecular Biochemicals) for at least 4 hours at 68ЊC, the buffer was replaced with the same buffer containing DIG-labeled antisense riboprobe and then incubated overnight at 68ЊC. Chemiluminescence detection was performed in accordance with the manufacturer's protocol (Roche) after exposure of the blot to Kodak BioMax film (Rochester, NY). The Northern blot hybridization results presented in this 
Fig 2.
Effect of heat shock on the spatial pattern of hsc70 mRNA accumulation in Xenopus laevis embryos. Whole-mount, in situ hybridization with digoxygenin (DIG)-labeled hsc70 antisense riboprobe was performed with either control (22ЊC; panels B and E) or heat shocked (33ЊC for 1 hour; panels C and F) X laevis gastrula (stage 10/11; panels A, B, and C) and late tailbud (stage 34; panels D, E, and F) embryos. Panels A and D represent heat shocked X laevis embryos hybridized with DIG-labeled hsc70 sense riboprobe. At the late tailbud stage, embryos (D) display a natural increase in eye pigmentation and melanocyte production. BL, blastopore lip; YP, yolk plug. study are representative of at least 3 different experiments.
Whole-mount, in situ hybridization
Albino X laevis embryos obtained from the mating of albino females and normal males were used in the wholemount, in situ hybridization protocol as described elsewhere . The resultant embryos did not show the presence of pigmentation until the late tailbud stage. A nutator (VWR, Mississauga, Ontario, Canada) was used in all parts of the procedure that required shaking. The alkaline phosphatase-conjugated, anti-DIG antibody was used at a 1:12,000 dilution for hsp70 and hsc70. Identical conditions were used regarding the exposure of embryos to chromogenic reagents in all experiments. To document the results, the embryos were rehydrated with decreasing gradations of methanol, counterstained in Bouin's Fixative (VWR), and cleared for viewing in benzyl benozoate and benzyl alcohol at a ratio of 2:1 (Harland 1991; Drysdale et al 1997) . The embryos were photographed using a Nikon AFX-11 camera (Mississauga, Ontario) attached to a Nikon dissecting microscope using EPT160T Kodak film. Each of the wholemount, in situ hybridization results presented in this study are representative of at least 3 different experiments.
Histologic analysis
Whole-mount, in situ hybridized embryos used for histologic serial sectioning were embedded in paraplast, cut in 8-to 10-m sections using a rotary microtome (American Optical, Leica Microsystems, Willowdale, Ontario), and mounted in Permount (Drysdale et al 1997) . Photos of the histologic sections were taken using a Zeiss Axiophot microscope (Carl Zeiss, Don Mills, Ontario) and EPT 200 ASA Kodak film.
RESULTS
In situ hybridization analysis of hsc70 and hsp70 mRNA accumulation during X laevis development
A typical pattern of hsp70 and hsc70 mRNA accumulation in control and heat shocked embryos as determined by Northern blot analysis employing antisense riboprobes is shown in Figure 1 . Accumulation of hsp70 mRNA was not detected constitutively in X laevis embryos, but hsp70 mRNA was first heat inducible during the postblastula stages ( Fig 1A) . The relative levels of heat shock-induced hsp70 mRNA accumulation then increased with development to the midtailbud stage, which was followed by a slight decrease at the late tailbud stage. Throughout development, hsc70 mRNA was detected constitutively, with increased relative levels in the gastrula and later stages that were not enhanced by heat shock treatment (Fig 1B) . Given the different sizes of X laevis Hsp70 (2.7 kb) and hsc70 (2.3 kb) mRNA (Ali et al 1996a) , we determined that the antisense Hsp70 riboprobe did not cross-react with hsc70 mRNA, or vice versa, under the conditions employed during the sequential RNA blot hybridization experiments (data not shown).
To determine the spatial pattern of hsc70 mRNA in X laevis embryos, whole-mount, in situ hybridization using DIG-labeled hsc70 antisense riboprobes was used (Fig 2) . These studies demonstrated that hsc70 mRNA was distributed globally in gastrula and late tailbud embryos, and that the relative levels were not enhanced by heat Spatial pattern of hsp70 mRNA accumulation during early Xenopus laevis development. Whole-mount, in situ hybridization with digoxygenin-labeled hsp70 antisense riboprobe was performed with control (22ЊC for 1 hour; panels A, C, E, G, and I) and heat shocked (33ЊC for 1 hour; panels B, D, F, H, and J) X laevis embryos at cleavage (stage 3; panels A and B), gastrula (stage 10/11; panels C and D [dorsomedial view]), neurula (stage 17/18; panels E and F), midtailbud (stage 28, panels G and H), and late tailbud (stage 35; panels I and J) stages. At the late tailbud stage, embryos (I) display a natural increase in eye pigmentation and melanocyte production (ME). A, anus; BP, blastopore; CG, cement gland; DR, dorsal region; H, heart; LP, lens placode; MZ, marginal zone; NF, neural fold; OP, olfactory pit; P, proctodeum; PN, pronephros; S, somites; SC, spinal cord.
shock (Fig 2B,C,E,F) . Similar results were obtained at other embryonic stages of X laevis development, from early cleavage to late tadpole (data not shown). Histologic analysis revealed that hsc70 mRNA accumulation was not as intense in the internal yolk regions of the embryos. In control experiments, incubation of embryos with hsc70 sense riboprobe did not reveal the presence of any hybridizable RNA (Fig 2A,D) .
In contrast to the pattern of hsc70 mRNA accumulation, hsp70 mRNA was not detectable in control embryos at any of the developmental stages examined from cleavage to late tailbud (Fig 3A,C,E,G,I ). In late tailbud-stage embryos, there was a natural increase in pigmentation of the lens placode as well as an increase in melanocyte production (Fig 3I) . Heat shock treatment (33ЊC for 1 hour) of gastrula embryos induced hsp70 mRNA accumulation throughout the embryo, with an enrichment from the dorsal region to the marginal zone (Fig 3D) . Heat shocked neurula-stage embryos showed a relatively uniform distribution of hsp70 mRNA on the surface (epidermal cells) of the embryo (Fig 3F) , which was verified at histologic analysis (data not shown). In heat shocked midtailbud embryos (Fig 3H) , hsp70 mRNA accumulation was distributed across the embryo surface, with enrichment in the anterior region, including the heart, the cement gland, the olfactory pit, the lens placode, the pronephros, and in the somites, the spinal cord, and the proctodeum. A similar phenomenon was observed in late tailbud-stage embryos, as was an increase in accumulation of the mRNA along the surface.
Histologic analysis of the DIG-labeled, in situ hybridized embryos was performed to verify the heat shockinduced preferential enrichment of hsp70 mRNA accumulation in specific tissues. An anterior cross-section revealed hsp70 mRNA in the heart region and in the epidermis (Fig 4A) . An enlarged medial region of a heat shocked, midtailbud, whole-mount, in situ hybridized embryo (Fig 4B) indicated the presence of hsp70 mRNA in the somites and ectoderm. Heat shock-induced accumulation of hsp70 mRNA in this region was confirmed histologically (compare Fig 4C and 4D) . The hsp70 mRNA was also enriched in the pronephric duct after heat shock (compare Fig 4E and 4F ) and in the lens placode and optic cup of midtailbud embryos (compare Fig 4G and  4H) . In control experiments, hybridizable RNA was not detected in histologic sections of heat shocked, midtailbud embryos incubated with DIG-labeled, hsp70 sense riboprobe (data not shown).
Spatial pattern of Hsp70 mRNA accumulation in X laevis tailbud embryos during continuous heat shock and recovery from heat shock
The spatial pattern of heat shock-induced hsp70 mRNA accumulation in X laevis embryos was also characterized by continuous heat shock and recovery experiments. Midtailbud embryos were used to avoid complications resulting from a natural increase of pigmentation in the lens placode and melanocytes in late tailbud embryos. As shown in Figure 5B , heat shock-induced hsp70 mRNA accumulation was strongly induced in the lens placode, with relatively lower amounts in the otic vesicle and somites after 15 minutes. After 30 minutes of heat shock, hsp70 mRNA was strongly enriched in the head region, somites, and tail region of the embryo (Fig 5C) . A 1-hour heat shock produced a similar phenomenon, with slightly less hsp70 mRNA accumulation in the tail region (Fig 5D) . Pattern of hsp70 mRNA accumulation in histologic sections from Xenopus laevis tailbud embryos. Whole-mount, in situ hybridization with digoxygenin-labeled hsp70 antisense riboprobe was performed, and histologic sections were taken from control (1 hour at 22ЊC; panels C, E, and G) and heat shocked (1 hour at 33ЊC; panels A, B, D, F, and H) X laevis tailbud embryos. (A) Anterior histologic section that shows hsp70 mRNA accumulation in the heart and ectoderm of a midtailbud embryo (stage 28). (B) An enlarged medial region of a midtailbud embryo. (C) and (D) Histologic cross-sections taken from control and heat shocked midtailbud embryos that show hsp70 mRNA in the somitic region. (E) and (F) Cross-sections of a late tailbud embryo (stage 35) that shows hsp70 mRNA in the pronephric duct. (G) and (H) Accumulation of hsp70 mRNA in the eye and optic cup of a midtailbud embryo. Magnification bars are indicated in each panel. E, ectoderm; H, heart; LP, lens placode; ME, melanocytes; S, somite; SC, spinal cord; N, notochord; OC, optic cup; PC, pericardial coelom; PD, pronephric duct. The low amount of somitic staining in panel B was more easily discernable in the original color slide. CG, cement gland; E, epidermis; H, heart; LP, lens placode; OV, otic vesicle; P, proctodeum; PN, pronephros; S, somites; SC, spinal cord.
After 2 hours of heat shock, there was a general reduction in hsp70 mRNA levels, with the exception of the somitic region (Fig 5E) , and a further decrease in hsp70 mRNA levels was observed after 4 hours of heat shock (Fig 5F) . These experiments indicate a transient accumulation of hsp70 mRNA in the different tissues of the midtailbud embryo during continuous exposure to a 33ЊC heat shock.
We have observed this phenomenon previously in Northern blot hybridization studies (Krone and Heikkila 1988 ).
The present study also demonstrate that selected regions, such as the somites, lens placode, and cement gland, maintained abundant relative levels of hsp70 mRNA longer than other regions of the embryo.
The pattern of hsp70 mRNA accumulation during recovery at 22ЊC after a heat shock of 33ЊC for 1 hour is shown in Figure 6 . After 1-3 hours of recovery at 22ЊC, the relative levels of hsp70 mRNA decreased in all regions, with the exception of the somitic region ( Fig  6C,D) . Elevated relative levels of hsp70 mRNA were still detected in the somitic region, spinal cord, and lens placode after 7 hours (Fig 6E) , and a trace amount was still visible in the lens placode and spinal cord region after 11 hours (Fig 6F) .
Effect of different temperatures on the spatial pattern of hsp70 mRNA accumulation
We examined the effect of a range of heat shock temperatures (26ЊC-35ЊC) on hsp70 mRNA accumulation (Fig 7) . Elevation of the incubation temperature from 22ЊC to 26ЊC for 1 hour did not induce the accumulation of hsp70 mRNA (compare Fig 7A and 7B) . Placement of midtailbud embryos at 30ЊC, however, resulted in enhanced hsp70 mRNA accumulation in the heart, lens placode, otic vesicle, pronephros, somites, and proctodeum (Fig 7C) . A (panel E). The slight increase in density at the anterior region in panel B is nonspecific. CG, cement gland; E, epidermis; H, heart; LP, lens placode; OV, otic vesicle; P, proctodeum; PN, pronephros; S, somites; SC, spinal cord. similar but more enhanced pattern was observed in midtailbud embryos incubated at 33ЊC, as was an enrichment of hsp70 mRNA in the head region, with additional localization to the spinal cord and ectoderm (Fig 7D) . At 35ЊC, the accumulation pattern of hsp70 mRNA was similar to but more intense than that found at 33ЊC (Fig 7E) .
Effect of sodium arsenite and zinc chloride treatment of the accumulation of hsp70 mRNA in tailbud embryos
In previous Northern blot hybridization studies, we have found that treatment of X laevis embryos with stresses other than heat shock, such as sodium arsenite and zinc chloride, can also induce hsp70 mRNA accumulation (Heikkila et al 1987; Ovsenek and Heikkila, unpublished results) . In this study, we examined the effect of a 2-hour treatment with either 50 M sodium arsenite or 100 M zinc chloride at 22ЊC on the spatial pattern of hsp70 mRNA accumulation in X laevis tailbud embryos (Fig 8) . In our earlier studies, these concentrations of chemical stressors induced maximal accumulation of hsp70 mRNA in X laevis embryos, but the relative levels were much lower than that found with a 33ЊC heat shock. As shown in Figure 8 , sodium arsenite and zinc chloride both induced hsp70 mRNA accumulation in the head region, including the lens placode, as well as in the somitic region of the tailbud embryos. Enrichment of hsp70 mRNA was also observed in the proctodeum. These results indicate that chemical stressors induce a preferential accumulation of hsp70 mRNA in selected tissues of the tailbud embryo.
DISCUSSION
In this study, we have used whole-mount, in situ hybridization to examine the spatial pattern of hsc70 and hsp70 mRNA accumulation in control and stress-treated X laevis embryos. The hsc70 mRNA was detected in cleavagestage embryos, indicating a maternal origin for these transcripts that is followed by an increase during the postblastula stages after activation of the zygotic genome at the MBT. The detection of constitutive hsc70 gene expression in X laevis embryos is in agreement with results from previous studies of this gene using Northern blot analysis (Ali et al 1996a) and immunohistochemistry (Herberts et al 1993) . The relatively high levels of hsc70 gene expression during the gastrula and later stages may be in response to an increased demand for molecular chaperone activity resulting from the synthesis of new protein after zygotic genome activation (Ali et al 1996a) . The spatial pattern of hsc70 mRNA accumulation in X laevis embryos was essentially global, but with less mRNA in the internal yolk cell regions. This type of hybridization pattern was observed with X laevis actin mRNA (Lang et al, 1999) and X laevis ribosomal L8 protein . Additionally, the in situ hybridization studies showed that X laevis hsc70 gene expression in postblastula embryos was not induced by heat shock. A lack of heat inducibility for hsc70 gene expression has also been reported in embryos of the amphibian Pleurodeles waltl (Delelis-Fanien et al 1997) and in Chinook salmon embryo cells (Zafarullah et al 1992) . In zebrafish embryos, rat PC12, and human HeLa cells, however, hsc70 transcript levels were increased after heat shock (Santacruz et al 1997; O'Malley et al 1985) .
In contrast to hsc70 mRNA, hsp70 mRNA was not detected constitutively at any of the developmental stages we examined. Furthermore, heat shock-induced hsp70 mRNA was detected only after the midblastula stage. It is likely that the mechanism responsible for activation of the embryonic genome at this stage also applies to the hsp70 genes, as has been suggested by Heikkila et al (1997) . One model for the activation of genes at MBT suggests that the rapid cell division in pre-MBT embryos prevents RNA transcription, and that the lengthening of the cell cycle at MBT permits the onset of transcription (Kimelman et al 1987) . Another, more recent theory suggests that chromatin domain structure, DNA accessibility, and transcription complex-chromatin dynamic competition interact to regulate transcription in the X laevis embryo both before and after MBT (Hair et al 1998) . In this latter study, Hair et al suggested that the large pool of histone in early cleavage-stage embryos binds to DNA and blocks binding of transcription factor. At the midblastula stage, this pool of histone is depleted, a situation that in turn increases the accessibility of transcription factor. Wang and Lindquist (1998) have proposed that the lack of heatinducible expression for hsp70 genes during early Drosophila sp. development may result from an inability of transcription factors, including HSF, to enter the nucleus. Whether a similar mechanism is involved in the developmental stage-dependent regulation of heat shock-induced expression of hsp70 genes in X laevis, however, remains to be determined.
This study also determined that heat shock-induced hsp70 mRNA accumulation was enriched in a tissue-specific manner in X laevis embryos. For example, in heat shocked (33ЊC) early tailbud embryos, hsp70 mRNA was found to accumulate primarily in the anterior head region, including the lens placode, the cement gland, and the heart as well as in the somites, spinal cord, and proctodeum. Tissue-specific enrichment of hsp70 mRNA was detected within 15 minutes of heat shock in the somites, lens placode, and otic vesicle. The lowest temperature that induced tissue-specific enrichment of hsp70 mRNA was 30ЊC for 1h. Development of Hsp70 isoform-specific antibodies will be required to determine the spatial pattern of hsp70 gene expression at the protein level. Recently, we have observed a similar, but not identical, pattern of tissue-specific enrichment of hsp30 mRNA and Hsp30 protein in heat shocked X laevis embryos (Lang et al, 1999) . Tissue-specific enhancement of hsp70 mRNA has also been documented in 2-day-old zebrafish embryos (Lele et al 1997) ; for example, hsp70 mRNA accumulation was enriched in epidermal epithelial cells and in the outermost cells of the eye and retina. Additionally, a cell type-specific pattern of hsp70 mRNA accumulation has been observed during Drosophila sp. embryogenesis (Wang and Lindquist 1998) .
The mechanism involved in the heat shock-induced, tissue-specific enrichment of hsp70 mRNA in X laevis tailbud embryos is not known. It is possible that these tissues have a lower temperature set point than other tissues for the activation of HSF, as has been shown previously in adult X laevis heart and mouse pachytene spermatocytes (Sarge 1995) . In the latter study, Sarge suggested that the temperature of HSF activation may not necessarily have a fixed value and can vary in a tissuedependent manner. Therefore, it is possible that selected tissues, such as somite, lens placode, cement gland, heart, and proctodeum, may have a lower HSF activation temperature compared with that of other tissues. One cannot exclude, however, the possible involvement of other X laevis transcription factors in this phenomenon. In Drosophila melanogaster, it has been suggested that the cell-specific heat shock induction of Hsp23 in the eye and testes may require other transcription factors in addition to HSF (Marin et al 1996; Michaud et al 1997) . Further work is required to determine the mechanism for heat shock-induced, tissue-specific enrichment of hsp70 mRNA in X laevis embryos.
This study has also shown that stressors other than heat shock can induce a tissue-specific enrichment of hsp70 mRNA in X laevis tailbud embryos. For example, treatment of embryos with either sodium arsenite or zinc chloride induced hsp70 mRNA primarily in the lens placode and the somitic region. The magnitude of the responses with the sodium arsenite and zinc chloride was not as intense as that observed with a 33ЊC, or even with a 30ЊC, heat shock. It has been suggested that environmental and chemical stressors may have different stimulatory pathways that ultimately converge and result in the unfolding of protein, which in turns triggers HSF activation (Morimoto 1998) . Heat shock may be a more efficient inducer of HSF given its direct effect on the cell compared with chemical stressors, which need to gain entry into the cell and accumulate.
This study has illustrated the complexity of the heat shock response in X laevis embryos. A natural question that arises, however, is why certain tissues in the developing organism have an enhanced heat shock response compared with other tissues. The tissues in X laevis tailbud embryos that are relatively sensitive to stress treatment are the somitic region and the lens placode. For example, both these regions accumulated hsp70 mRNA at 30ЊC as well as within 15 minutes of a 33ЊC heat shock. Additionally, these regions contained relatively abundant levels of the mRNA during continuous heat shock and recovery experiments, even though the mRNA had significantly decayed in other regions. These tissues were also targeted by sodium arsenite and zinc chloride treatment. The visual system of the early embryo is of obvious importance once feeding behavior has initiated at the tadpole stage, whereas the somitic region gives rise to key structures such as the axial skeleton, trunk, and limb muscle. Severe heat shock temperatures have been shown to disrupt the somitic region of X laevis embryos and of mammals, causing skeletal malformations (Danker et al 1992; Fisher et al 1996) . It is possible that preferential Hsp70 accumulation in these tissues during heat shock or other stresses may function in a protective manner, presumably in the role of molecular chaperone.
